Here we report the influence of the polyimide precursor type on the surface morphology and properties of poly(p-phenylene biphenyltetracarboximide) (BPDA-PDA PI)/silica hybrid composite films. Two types of precursor polymer were employed: poly(p-phenylene biphenyltetracarboxamic acid) (BPDA-PDA PAA) and poly(p-phenylene biphenyltetracarboxamic diethyl ester) (BPDA-PDA PES). These precursor polymers were mixed with tetraethoxysilane in the presence of HCl and H 2 O, which led to the precursor mixture films that contain in-situ generated silica particles via sol-gel process. Then the precursor mixture films were subject to thermal imidization to make polyimide/silica hybrid composite films. Results showed that the PAA precursor has better compatibility with silica particles, which is mainly attributed to the early making of silyl ester bonds (as evidenced by X-ray photoelectron spectroscopy) between carboxylic acid groups in the PAA and hydroxyl groups in silanol molecules. Further evidences were provided by the measurement of surface nanomorphology, crystal nanostructure, thermal/mechanical properties, and optical birefringence.
INTRODUCTION
Aromatic polyimides have attracted keen interest in microelectronic devices and aerospace applications because of their outstanding thermal and mechanical properties. [1] [2] [3] [4] Compared to other class of polymers, particularly, their pronounced characteristics in thin films include excellent solvent resistance, low thermal expansion coefficient, low dielectric constant, low residual stress, and high tensile strength/modulus. [5] [6] [7] [8] [9] [10] Of numerous aromatic polyimides, poly(p-phenylene biphenyltetracarboximide) (BPDA-PDA PI) has been highlighted due to its particular physicochemical, dielectric, and thermal characteristics. 7 However, as usually observed in aromatic polyimides, the BPDA-PDA PI has also a drawback of preferential * Authors to whom correspondence should be addressed.
in-plane chain orientation in thin films owing to its rigid rod-like chain conformation. 11 This in-plane chain ordering leads to increased dielectric anisotropy and poor adhesion property, which eventually degrades the reliability (stability) of devices.
In this regard various modifications to BPDA-PDA PI were attempted by incorporating a flexible coillike polyimide 12 13 or inorganic nano/microparticles 14 as well as by in-situ generating inorganic nanoparticles via sol-gel process. [15] [16] [17] In particular, incorporating silica (nano)particles into polyimide matrix has drawn considerable attention because of superior properties (especially, low dielectric constant and low thermal expansion coefficient) of resulting hybrid composites compared to organic materials. 18 19 Previously we have shortly investigated the morphology (focusing on the high loading of silica precursors) 15 and/or electrical (dielectric) property 20 21 of BPDA-PDA PI/silica hybrid composite films. However, no detailed study has been reported yet, particularly in the full range of compositions, on the correlation between morphology and variety of properties (structural, optical, mechanical, and thermal) for the BPDA-PDA PI/silica hybrid composite films.
In this work, we have prepared BPDA-PDA PI/silica composite films with various silica contents through polyimide precursor route and sol-gel process. 15 22 Focusing mainly on the influence of two types of polyimide precursor [poly(amic acid) (PAA) and poly(amic diethyl ester) (PES)], the prepared hybrid composite films were investigated to understand their morphology (from micro to nano scale), crystal/chain nanostructure, thermal stability, mechanical property, and optical/dielectric property. The result showed that the PAA precursor led to smaller silica nanoparticles than the PES precursor when compared at the same content of silica precursor, which was proved to greatly affect the properties of hybrid composite films.
EXPERIMENTAL DETAILS

Materials
The PAA precursor, poly(p-phenylene biphenyltetracarboxamic acid) (BPDA-PDA PAA), was used as received from DuPont Chemical, which was in solution at a solid content of 13.5 wt% in N -methyl-2-pyrrolidone (NMP). The PES precursor, poly(p-phenylene biphenyltetracarboxamic diethyl ester) (BPDA-PDA PES), was synthesized from p-phenylene diamine and biphenyltetracarboxamic diethyl ester diacyl chloride at a low temperature. [23] [24] [25] The intrinsic viscosity of BPDA-PDA PES was 0.85 dL/g in NMP at 25 C. This precursor was dissolved in NMP to make 15 wt% solution and then filtered for removing impurities using a silver membrane (pore size = 0 8 m) that is mounted in a high pressure filtration kit. These precursor polymer solutions were stored in a freezer for preventing possible conversion (imidization) reactions. As a precursor for in-situ generation of silica nanoparticles, tetraethoxysilane (TEOS) (Aldrich) was used without further purification. Hydrochloric acid (HCl) (35 vol.%, Junsei Co.) and deionized water (H 2 O) were used as an acid catalyst and a hydrolysis reagent, respectively.
Preparation of Precursor Mixture Solutions
First, the polyimide precursor stock solutions were diluted to 5 wt% using NMP in order to make optically clear (transparent) precursor mixture solutions. Then a given amount of TEOS was very slowly dropped into these polyimide precursor solutions upon vigorous stirring, which took about one hour for dissolving TEOS completely at room temperature. The weight ratio of TEOS to the polyimide precursors was 5, 10, 15, 20, 30, 50, 70, and 90 wt%. Next, the reagents (HCl and H 2 O) were added to initialize the sol-gel reaction of TEOS: The molar ratio of H 2 O to TEOS was 4, whilst that of HCl to H 2 O was 0.2. The bottles containing the precursor mixture solutions were kept rotating for 1 day in a jar roll mixer for completing the sol-gel reaction. As shown in Figure 1 (a), adding HCl and H 2 O makes TEOS hydrolyzed to convert to tetrahydroxysilane (THOS). Then THOS further undergoes a condensation reaction that results in the formation of silica sols and partly gels in the precursor mixture solutions (here we note that although hydrolysis and condensation reactions are occurred theoretically in two steps, the condensation reaction is initialized as soon as even small quantity of Si-OH groups is made by hydrolysis: Refer to the solgel reaction mechanisms 26 in the presence of polyimide matrix 13 22 ).
Preparation of Precursor and Polyimide Hybrid Composite Films
The precursor mixture solutions were spin-coated onto glass substrates (Corning Co.) at various speeds (400-1200 rpm) for 20 s to obtain a similar film thickness. The coated films were softbaked at three different temperatures (50, 80 and 95 C) for 4 h in order to investigate the influence of softbaking temperature on the phase segregation size of silica particles (see the schematic illustration of softbaked films in Fig. 1(b) ). Finally, these precursor hybrid films were subject to thermal imidization at 380 C for 90 min after ramping from 25 C at a rate of 2 C/min in a high temperature oven with nitrogen flows [note that prior to heating the oven the pre-extraction of air (oxygen) inside the oven was carried out at a nitrogen flow rate of ∼10 l/min]. 13 The resulting polyimide/silica hybrid composite films were peeled off from the glass substrates by immersing them into deionized water for 12 h, followed by drying overnight in a vacuum oven. The average thickness of the composite films was 6.7 m for the PES precursor and was 13 m for the PAA precursor (see the chemical structure of the BPDA-PDA polyimide and schematic illustration of resulting composite films in Fig. 1(c) ).
Measurements
The phase segregation behavior in solutions and/or films were examined using a home-built light scattering system equipped with a photomultiplier tube (PMT, Hamamatsu), a microstepping-motor/contol unit (Parker SX6), and a light source (He-Ne laser, = 632 8 nm). The optical clarity of composite films was cross-examined using an optical microscope (Axioplan, Carl-Zeiss): The magnification was up to 1000 times under polarized and depolarized states, whilst both reflection and transmission modes were applied to compare the surface and inner morphology of films in a micrometer scale. The surface (nano)morphology of composite films were measured using atomic force microscopy (AFM) and friction
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Precursor Polymer Effect on Polyimide/Silica Hybrid Nanocomposite Films force microscopy (FFM), of which details are given in our previous reports. 15 Here FFM measurement was performed under the force reference of −0.021 nN (repulsive force): The long axis of cantilever was perpendicular to the scanning direction and the degree of this cantilever torsion led to the precise measurement of friction forces between the microtip (Si 3 N 4 ) and the surface of composite films. The crystal structure of composite films were measured using a wide-angle X-ray diffractometer (WAXD) built in Oak Ridge National Laboratory (USA). 13 Fouriertransformed infrared (FT-IR) spectra of pristine and composite films were measured using a FT-IR spectrometer (React IR 1000, Applied System), whilst X-ray photoelectron spectra (XPS) of the films were measured using a XPS system (MT 500/1, VG Microtech) equipped with an electron energy analyzer (CLAM2), an X-ray source (XR705), an electron gun (LEG63), a mass spectrometer (0∼200 amu), and a UV source. The thermal degradation of composite films was measured using a thermogravimetric analyzer (Perkin-Elmer TGA7), whilst the thermal transition of films was checked using a dynamic mechanical thermal analyzer (Polymer Laboratories, Model Mark-II) at a heating rate of 5 C/min and at a frequency of 10 Hz in the temperature range of 50-500 C (the gauge length was 10 mm). The tensile modulus/strength of composite films was measured using a universal test machine (Instron Model 4206): The gauge length, the cross-head speed, and the sample width were 50 mm, 2 mm/min, and 6.35 mm, respectively. The residual stress of nanocomposite films coated on silicon wafer (100) were measured using a specialized system equipped with a sample heating block/temperature controller, a linear CCD detector (Hamamatsu), and He-Ne laser ( = 632 8 nm) as a light source: Detailed method and analysis can be found in Ref. [15] . The optical coupling (waveguiding) patterns of composite films were measured using a home-built prism coupler in the same way as described in Ref. [27] .
RESULTS AND DISCUSSION
Phase Segregation Behavior by Optical Measurement
First we examined the phase segregation behavior of hybrid mixture solutions and corresponding composite films by using optical microscopy and light scattering techniques which enabled us to discriminate the degree of phase segregation in a size resolution of larger than 360-490 nm (scattering angle: 40-60 ). As shown in Table I . Summary of optical clarity of solutions and resulting composite films using the PES precursor: 'W' denotes the sample prepared at the same condition but without TEOS as for the 30 wt% sample. The numbers in bracket represent the average domain size measured by the angle-dependent light scattering technique. Tables I and II , irrespective of precursor polymer type, the hybrid solutions that mainly contain silica, precursor polymer, and NMP were optically transparent (clear) up to the TEOS content of 50 wt% at a given solution concentration (5 wt% in NMP). This indicates that in the hybrid solutions the degree of phase segregation spans in a nanoscale or less if any. After spin-coating and softbaking the precursor composite films, however, the window of optical clarity (transparency) became narrowed down to 20 wt% (note 10 wt% in case of softbaking at 50 C) and 30 wt% TEOS contents for PES and PAA precursors, respectively. This result reflects that the PES precursor is less compatible with the silica (nano)particles than the PAA precursor and that the film morphology is quite sensitive to the softbaking temperature (refer to the PES precursor case). After thermal imidization of these precursor composite films, the optical clarity of resulting polyimide/silica hybrid composite films seemed not to be greatly changed. However, the angle-dependent light scattering measurement (data are not shown here) 15 disclosed that the average domain size of phase segregation was pronouncedly Table II . Summary of optical clarity of solutions and resulting composite films using the PAA precursor: 'W' denotes the sample prepared at the same condition but without TEOS as for the 30 wt% sample. The numbers in bracket represent the average domain size measured by the angle-dependent light scattering technique. 
increased by the thermal imidization process in case of the PES precursor (see the domain size change in Table I ). The similar increasing trend by thermal imidization was observed for the hybrid composite films made using the PAA precursor, which was also confirmed with optical microscopy measurements (transmission and reflection modes). 15 Here we note that the presence of HCl and H 2 O did not affect the phase segregation behavior (see 'W' in Tables I and II) . According to this phase segregation behavior study, further investigations hereafter are restricted to 30 wt% TEOS content as the maximum.
Surface Morphology by AFM Measurement
Although we briefly examined the phase segregation trend of the polyimide/silica composite films, the scale is limited to the optical range, i.e., a micrometer scale. Thus we need to go down to a nanometer scale to find nanoparticles that could be formed in the composite films. Thus the surface morphology of composite films was measured as shown in Figure 2 . For both precursors a clear form of silica nanoparticles was not observed at the TEOS content of less than 10 wt%, but from above 15 wt% nanoparticles (in a size of several tens of nanometers) began to be observed. In case of the PES precursor the particle size was increased monotonically with the TEOS content: At 30 wt% the size of dominant particles reached ∼1 m in the presence of smaller particles (0.2-0.5 m). However, in case of the PAA precursor, even at 30 wt% the size of dominant particles was not so big but still in a nanometer scale of less than 200 nm in the presence of ∼1 m sized particles in part. This trend of surface morphology might be closely related to the phase segregation behavior (see Tables I and  II) . In other words, the PAA precursor has better compatibility with the silica precursor (molecules and/or particles) than the PES precursor (see also the surface roughness trend in Fig. 2(k) ).
In addition, we found differently-contrasted particle images from the composite films at 30 wt% TEOS content with respect to the type of precursor polymer: The particles in the composite films from the PAA precursor were much brighter than those from the PES precursor. In particular, in case of the PES precursor, most particles exhibited a bright ring at the edge of each particle. So we constructed 3D images of selected part of the 2D images in Figure 2 . Unexpectedly, as shown in Figure 3 , in case of the PAA precursor the nanoparticles were evenly observed on the surface of corresponding composite films (we note that there are also some holes in Fig. 3(b) ), whereas we find several holes that are considered to remain after extraction of nanoparticles from the surface of the composite film in case of the PES precursor. The 'hole' feature can be attributed to the poor interaction of the PES precursor with the silica precursor particles, which is in accordance with the less compatibility as discussed above.
Nanostructure by WAXD Measurement
In order to investigate the influence of different compatibility of the two precursor polymers on the nanostructure of composite films, WAXD measurement was performed for all composite samples as shown in Figure 4 . In case of the PES precursor, characteristic peaks of both transmission and reflection diffractograms were almost not changed by varying the TEOS content. This indicates that the presence of silica particles did not alter the polyimide chain packing in the composite films, 13 27 which can further propose no "intimate" interaction of the PES precursor polymer with the silica precursor (molecules and/or particles) in the process of composite formation. However, in case of the PAA precursor, the (004) peak of transmission diffractogram (see Fig. 4(c) ) was reduced as the TEOS content increased (see the slope change of the dashed bar between (001) peak and amorphous halo). This indicates that the crystalline domains that are corresponded to the (004) peak were broken by the presence of silica particles, which means the existence of a special interaction between PAA precursor and silica precursor particles. In addition, the crystalline peaks in the reflection diffractograms (Fig. 4(d) ) became featureless as the TEOS content increased. This strongly supports that in case of the PAA precursor the polyimide chain packing in both in-plane and out-ofplane 13 26 of composite films was considerably destroyed by the presence of silica particles. Here we note that the presence of HCl and H 2 O did not affect the crystal nanostructure of corresponding polyimides since WAXD patterns were almost not changed by these reagents (see 'W' diffractograms in each figure in Fig. 4) .
Interaction of Precursors by XPS Measurement
Summarizing above results, we suggest a possible mechanism for the interaction between PAA polymer chains and Precursor Polymer Effect on Polyimide/Silica Hybrid Nanocomposite Films Kim et al. silica precursor molecules in the precursor composite film. As shown in Figure 5 , after TEOS molecules are converted to silanol molecules in the precursor mixture solution, carboxylic acid groups in the PAA polymer could react with hydroxyl groups in silanol molecules, leading to the formation of silyl ester bonds. Next, the silanol parts attached to the PAA polymer chains participate in the sol-gel process together with neighbored free silanol molecules, which results in the growth of silica particles. Finally, most of silyl ester bonds will be broken by imide ring close reaction during thermal imidization process (we note that some parts of the silyl ester bonds in the precursor composite films, which are exposed to moisture, could be cleaved due to the weak nature of silyl ester bond to the moisture attack). 28 In order to prove the suggested mechanism we examined the precursor composite films using FT-IR spectroscopy. As shown in Figure 6 , the intensity of IR absorption at around 1100 cm −1 , which corresponds to the stretching of Si O Si bonds, was increased with the TEOS content. 29 This does only confirm the presence of silica particles in the precursor composite films but could not prove the
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Precursor Polymer Effect on Polyimide/Silica Hybrid Nanocomposite Films existence of silyl ester bonds, because the characteristic IR absorption peak of silyl ester bond (O C O Si) (1000∼1100 cm −1 ) is known to overlap with that of silica particles. 29 Hence we attempted XPS measurements of the pristine PAA and precursor composite (PAA/TEOS = 80/20) films, focusing on O 1s peaks. As shown in Figure 7 , we find that the peak position of master (survey) XPS spectrum of the precursor composite film was remarkably shifted toward higher binding energy, compared to that of the pristine PAA film. This infers that more chemical species or additional interactions are made in the precursor composite film. Further detailed analysis of master XPS spectra disclosed several sub O 1s peaks: 32 H O H (water) at 535.6 eV, 36 Si O at 534.6 eV, 37 C O Si at 533.7 eV, 38 mix of Si O Si and OH (carboxylic acid) at 533.1 eV, 30 38 OH of carboxylic acid (O C OH) at 532.6 eV, 30 32 mix of O C (carboxylic acid) and Si OH (silanol) at 532.1 eV, 30 31 33 39 mix of O C (carboxylic acid) and O C (amide) at 531.7 eV, 30 40 O C of amide (O C NH) at 531.2 eV, 34 35 ionic oxygen in silica (SiO 2 ). 41 Conclusively, the sub peak at 533.7 eV (C O Si) does clearly prove the formation of silyl ester bonds in the present PAA composite films (see Fig. 7(b) ). This is additionally supported by the presence of quite a strong - * shake-up satellite of carbonyl group (O C) which is frequently observed in ester groups.
Thermal and Mechanical Properties
As expected, the weight residue (at 800 C) of composite films was generally increased with the TEOS content irrespective of the precursor type (see Fig. 8(a) ). In case of the PAA precursor, unexpectedly, the decomposition temperature was reduced up to 10 wt% TEOS content and then seemed to recover with the aid of further (higher) loading of silica particles. In contrast, in case of the PES precursor, for most compositions except 5 wt% the composite films exhibited higher decomposition temperature than the pristine film. This trend can be explained from the thermal decomposition behavior of the pristine polyimide films prepared with the same content of HCl and H 2 O in the absence of TEOS (30 wt%) (see open symbols in Figs. 8(a, b) ): Greatly reduced thermal decomposition temperature and lowered weight residue were observed in case of the PAA precursor, whereas the PES precursor showed almost similar result to the corresponding pristine film. This infers that the PAA precursor was already slightly degraded (decomposed) due to the action of HCl and H 2 O during the preparation of precursor mixture films.
In case of the PAA precursor, as shown in Figure 8 (c), the tensile modulus was decreased with the TEOS content up to 10 wt% and then showed a recovery trend due to the higher loading of silica particles (note that this trend is broadly in agreement with the thermal decomposition temperature in Fig. 8(b) ). In case of the PES precursor, the recovery was started at above 20 wt%. For both cases the initial reduction in tensile modulus can be attributed to the breaking of polyimide chain packing in the presence of silica particles, though further higher loading of silica particles could recover the initial reduction. However, the residual stress of composite films was not reduced but even slightly increased by compositing polyimide with silica particles. This could be ascribed to the generation of undesirable interfacial stress between polyimide chains and silica micro/nanoparticles. Here we find that the residual stress was much less increased for the PAA precursor than the PES precursor, which can be attributed to the better compatibility between the PAA precursor and silica precursors as explained above.
Optical/Dielectric Properties
In order to understand the influence of the precursor polymer type on the optical and dielectric properties of polyimide/silica composite films, we have measured optical coupling (waveguiding) patterns 26 for all films made in this work. These patterns provide us with optical parameters as well as dielectric properties (in Terahertz range) Precursor Polymer Effect on Polyimide/Silica Hybrid Nanocomposite Films Kim et al. of composite films. As shown in Figure 9 as an example of coupling patterns, we confirmed that for the present two precursor polymers the composite films exhibited clear coupling patterns in both transverse electric (TE) and transverse magnetic (TM) modes. However, in case of the PES precursor, we note that the composite film having 30 wt% of TEOS showed slightly blurred coupling patterns which can be attributed to the light scattering effect by the large scale phase segregation.
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As shown in Figure 10 , the refractive index (n xy ) in the film plane was decreased with increasing the TEOS content irrespective of the type of precursor polymer, which reflects the reduced in-plane packing of polyimide chains in the composite films. However, the out-of-plane refractive index (n z ) was marginally decreased. As a result, the average refractive index (n A ) showed a monotonic decrease irrespective of the precursor polymer type. Here we note that the degree of reduction is much more pronounced for the PAA precursor than the PES precursor. This can be attributed to the better compatibility between the PAA precursor and silica particles, which, as discussed, could accelerate the breaking of the polyimide chain packing in the composite films. In the same manner, the average dielectric constant 26 was reduced by compositing the polyimide with silica particles though the decreasing effect was more pronounced for the PAA precursor (see Figs. 10(c, d) ).
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Precursor Polymer Effect on Polyimide/Silica Hybrid Nanocomposite Films Here we need to compare the birefringence of composite films with respect to the type of precursor polymers. Basically, the pristine polyimide film from the PAA precursor polymer showed higher birefringence than that from the PES precursor. The degree of birefringence reduction with the TEOS content was almost same, but the birefringence reduction was stopped and then seemed to increase again with higher loading of silica particles (note the different TEOS contents that exhibit the lowest birefringence value) (see Fig. 10(e) ). This different up-turn trend between the two precursor polymers can be attributed to the different degree of phase segregation in the resulting composite films: Repacking of polyimide chains by larger scale phase segregation is considered to be responsible for the up-turn trend. This investigation provides us with a critical composition on the optimal loading of silica particles: 10 and 20 wt% TEOS contents for the PES and PAA precursors, respectively. Finally, in terms of signal velocity (electron transport) when these composite films are used as interdielectric layer coatings or dielectric packaging, we expect that the higher the silica loading, the faster the velocity of signals (see Fig. 10(f) ). In particular, although due to the better dielectric characteristics of the polyimide from the PES precursor the composite films based on the PES precursor showed better signal velocity at lower loading of silica particles, we note that the composite films based on the PAA precursor could catch up the velocity from 20 wt% TEOS content.
CONCLUSIONS
Two different types of polyimide precursor have been used to make polyimide/silica hybrid composite films. The phase segregation study showed that the PAA precursor has better compatibility with silica (precursor) particles, which influenced the surface morphology of composite films: At high loading of silica precursors (30 wt% TEOS) the PAA precursor led to the formation of nanoparticles mostly, whereas microparticles were generated in case of the PES precursor. The more compatible PAA precursor resulted in the pronounced breaking of polyimide chain packing, but the PES precursor did almost not change the packing of corresponding polyimide chains. In case of the PAA precursor the reduced thermal decomposition temperature of composite films was assumed to the reaction between the poly(amic acid) and reagents (HCl and H 2 O). For both types of precursor polymer the tensile modulus showed minima that reflect a trade-off between reduced chain packing and increased hardness of silica particles. The slightly increased residual stress of composite films with increasing the silica content was assigned to a possible heterogeneous interfacial stress that is generated between polyimide domains and silica particles in bulk. The degree of refractive index (dielectric constant) reduction of composite films was much more pronounced for the PAA precursor, which could be attributed to the formation of silyl ester bonds between PAA and silanol in the precursor mixture films.
